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The deficiency of water resources is a growing issue, primarily, in the arid and semi-arid 
environments, such as Saudi Arabia which depends on the groundwater as a primary source 
of the water supply. With the rapid industrial development in Saudi Arabia in the past 
decades, the potential of groundwater contamination - from the industrial wastes and 
byproducts - has increased markedly. The decontamination processes for such type of 
contaminants are usually sophisticated, time-consuming, and costly. Consequently, 
alternative remediation methods have become an indispensable need. Many studies have 
been carried out in this regard such as electrokinetic, thermal, microbial remediation 
methods, among others. The initiation of this research was to propose a method of 
remediation/decontamination of heavy metals from water by adsorption techniques on clay 
minerals. A continuous flow experiment, known as fixed-bed column chromatography, is 
used for this purpose. A mixture of natural sand and clay mineral, namely, Na-
Montmorillonite (Na-MMT), is considered as the fixed-bed materials. The Na-MMT was 
selected because of it has high swelling potential (i.e., high specific surface area), and high 
imbalanced surface charges (i.e., higher attraction/adsorption). In order to achieve a 
continuous flow at desirable and practical rates, different mixtures of sand and Na-MMT 
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(6 to 0.5 % of Na-MMT) is tried. The permeability of the mixture was found to be 
controlled by Na-MMT providing no flow or very slow. However, the mixture of sand + 
0.5% Na-MMT is found to provide the required effluent flow. The sand, Na-MMT, and 
their mixture are comprehensively characterized prior being utilized for adsorption 
experiments. Thereafter, the mixture is placed in the fixed-bed chromatography and 
subjected to a continuous flow of distilled water contaminated with heavy metals; Cu(II), 
Pb(II) & Zn(II) in mono and competitive solutions at different initial concentrations. The 
effluent samples are collected along the elapsed time, and the residual concentrations are 
determined using inductively coupled plasma optical emission spectrometry (ICP-OES). 
Moreover, the Na-MMT samples are analyzed using scanning electron microscopy and 
energy dispersive X-ray analyzer (SEM-EDX) before and after the adsorption experiments. 
Finally, molecular-level Monte Carlo simulations for the Na-MMT and sand adsorption 
have been conducted through "Material Studio" package, and qualitative and quantitative 
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 اه الجوفية باستخدام المعادنالنمذجة و التمثيل النانوي لعملية إزالة تلوث المعادن الثقيلة من الميعنوان الرسالة: 
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يعد نقص الموارد المائية قضية متنامية ، في المقام األول ، في البيئات القاحلة وشبه القاحلة ، مثل المملكة العربية 
مدادات المياه  م  التوور الصناعي السري  في المملكة السعودية التي تعتمد على المياه الجوفية كمصدر رئيسي إل
العربية السعودية في العقود الماضية ، ازدادت بشكل ملحوظ إمكانية تلوث المياه الجوفية من النفايات الصناعية 
ومكلفة   والمنتجات الثانوية  وعادة ما تكون عمليات إزالة التلوث لهذا النوع من الملوثات معقدة وتستغرق وقتا طويال
وبالتالي ، أصبحت طرق العالج البديلة حاجة ال غنى عنها  وقد أجريت العديد من الدراسات في هذا الصدد مثل أساليب 
المعالجة الكهربائية ، والحرارية ، والميكروبية ، وغيرها  ولذلك كان سبب الشروع في هذا البحث هو اقتراح طريقة 
لثقيلة من المياه عن طريق تقنيات االمتزاز على المعادن الوينية  تم استخدام تجربة لمعالجة/إزالة التلوث من المعادن ا
التدفق المستمر ، والمعروفة باسم عمود الفصل اللوني ذي القاعدة الثابتة ، لهذا الغرض  تم استخدام مزيج من الرمل 
عدة الثابتة  ومن أجل تحقيق تدفق مستمر لقال، بمثابة مواد  Na-Montmorilloniteوالوين المعدني الوبيعي ، تحديدا 
طين(  و  % 5 0إلى  6بمعدالت مرغوبة وعملية ، تم تجربة خليط القاعدة بنسب مختلفة من الرمل و الوين )من 
طين،  يعوي التدفق المولوب  تم عمل االختبارات األولية و  ٪ 5 0كنتيجة ، وجد أن الخليط المكون من الرمل + 
مل ، و الوين ، وخليوها بشكل شامل قبل استخدامها لتجارب االمتزاز  بعد ذلك ، خض  الخليط للتدفق الكشفية لمواد الر
بشكل منفصل و ممزوج بتركيزات  (Cu (II), Pb (II) & Zn (II قورة الملوثة بالمعادن الثقيلة ؛المستمر للمياه الم
ج قاعدة العمود الثابت على مدار الوقت المنقضي ، أولية مختلفة  بعد ذلك تم جم  عينات المياه بعد مرورها من مخر
(  وعالوة على ذلك ICP-OESوتم تحديد التركيزات المتبقية باستخدام موياف انبعاث ضوئي للبالزما المقترن حثيًا )
( قبل وبعد SEM-EDX، تم تحليل عينات الوين باستخدام المجهر اإللكتروني ومحلل األشعة السينية المشتت للواقة )
تجارب االمتزاز  وأخيًرا ، تم إجراء محاكاة مونت كارلو على المستوى الجزيئي للرمل والوين من خالل حزمة 






1.1 General  
The industrial wastes contribute significantly to the contamination of the groundwater 
aquifers and resources. The rapid growth of the industrial activities such as heavy 
construction, equipment and vehicle repair, leather manufacturing, motor freight, printing, 
among others are the primary source of the groundwater contamination by heavy metals. 
There are numbers of health issues associated with the heavy metals contamination for the 
human and surrounding environment [1]–[6]. In arid and semi-arid regions, similar to 
Saudi Arabia, the majority of drinking water is obtained from groundwater resources. 
Therefore, the need to treat and decontaminate these resources is indispensable.  
 
1.2 Importance of the Research 
The treatment and decontamination of the groundwater should result in a reduction of the 
toxicity and excessive heavy metals concentrations to the allowable limits or maximum 
contaminant limit (MCL) defined by EPA (environmental protection agency) regulations 
or any other standards. Membrane filtration, electrodialysis, photocatalysis, electrokinetic, 
thermal and microbial remediation, adsorption and other techniques do exist and used for 
decontamination and removal of different contaminants [7]–[11]. Usually, most of the 
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decontamination methods are costly, time-consuming, and subjected to limitations 
especially in the case of competitive contaminants. The removal efficiency of each method 
depends on different factors such as pH, the initial concentration of the contaminants, 
contaminants nature, the presence of salts, and others. The selection of the most feasible, 
efficient, and economical removal method is challenging for the aforementioned reasons.  
 
1.3 Objectives of the Research 
This research is, therefore, intended to provide a viable and economical treatment method 
to decontaminate the groundwater from the hazardous heavy metals pollutants. The 
presented method aimed to utilize a natural and local adsorbent/sorbent material (soil: clay 
and sand) that is available at low cost and viable quantities.  
The research is also intended to study and assure the removal efficiency of this material 
through an experimental program using different heavy metals under various experimental 
conditions, combinations, and factors.   
Eventually, a calibrated molecular level simulation using 'Material Studio' package will be 
performed to explain, monitor, and predict the adsorption behavior and properties for the 
soil materials at the molecular and atomic/Nano levels. Then, qualitative and quantitative 
comparison and validation between the simulation and experimental results, and the related 





1.4 Organization of the Thesis 
The organization of this thesis is as follows: Chapter 2 highlights the definition and 
properties of heavy metals [especially: Cu (II), Pb (II), and Zn (II)] along with their impacts 
on the health and environment, and potential industries that produced them. It also outlines 
the properties and behavior of the suggested soil materials [sand and clay 
(Montmorillonite)] taking into consideration the fabric, structure, and chemical (minerals) 
composition of these materials. The last section in this chapter casts some light on some 
existing studies and examples of using the clayey materials in decontamination and geo-
environmental applications, as well as the use of molecular-level simulations for 
geomaterials.  
Chapter 3 presents the methodology of the work followed, starting with materials collection 
and characterization study, passing through the design of the experiments, and ending with 
performing experimental and molecular simulation programs.  
Chapter 4 provides and discusses the results obtained. The breakthrough curves from the 
adsorption experiments for each heavy metal in both mono and competitive cases with the 
molecular simulation results are discussed. Moreover, the chapter presents the qualitative 
and quantitative comparison and validation between the experimental and simulation 
results and, eventually, a prediction model is developed.  
Chapter 5 gives a summary and conclusions of this thesis and provides recommendations 






LITERATURE REVIEW  
 
2.1 General 
With the rapid industrial revolution and growth in the region, it is becoming crucial to 
protect the surrounding environment from the harmful impacts imposed by such activities. 
Groundwater and water resources are essential parts of the environment that should be 
protected and treated if contaminated by any industry, especially if the pollutants are heavy 
metals. The global medical organizations, environmental protection agency (EPA), and 
others performed numerous studies about the negative effects and health issues associated 
with the heavy metals contamination on humans, flora, and fauna.   
2.2 Heavy Metals  
Depending on the field of study and context, there are many criteria to define and determine 
whether a metal is heavy. Some of which are based on the metal density, atomic weight, or 
atomic number. For example, in the Metallurgy field, the determination criteria are based 
on the density [12], while in Physics, are based on the atomic number [13]. Some studies 
claimed that only Bismuth, Lead, and Mercury are heavy metals. On density basis, the 
heavy metals have densities ≥ 3.5 to 7.0 g/cc [14], and on atomic-weight basis, the heavy 
metals have an atomic weight ≥ Sodium (22.98 Da) [14], Scandium (50.94 Da) excluding 
f- and s-block metals [15], or Mercury (200.59 Da) [16]. While on atomic-number basis, 
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the heavy metals have atomic numbers ≥ Calcium (20) [14], and capped at Uranium (92) 
[17]. However, for this study, the metals are considered heavy when they have a density > 
5 g/cc [18] .  
The heavy metals are known for their high toxicity and the harmful impacts on the 
environment [14], especially the Lead, Cadmium, Arsenic, Chromium, and Mercury for 
their extensive use and existence in the environment [19], [20]. The toxicity and hazards 
of heavy metals depend on the method of uptake, type and concentration of heavy metals, 
and industrial source [21]. The common industrial sources of the heavy metals 
contamination, primarily, are electroplating, fertilizers, lead-acid batteries, mining wastes, 
paints, treated timber, and vehicle emissions [22]. Recently, numbers of cases for heavy 
metals exposure have been reported. For example; Bento Rodrigues dam disaster (in 
Brazil) [23], [24], Lead-contaminated water supplied to the residents (in Flint, Michigan, 
USA) [25]–[28], and Minamata disease (in Japan) [29]. For this study; Copper [Cu (II)], 
Lead [Pb (II)], and Zinc [Zn (II)] are considered for their abundance in the local industries 
and the following associated health impacts [1]–[6]:  
 Copper: Chronic Liver and Neurological Toxicities, Development of Cancers, 
Insomnia, Nauseous, Teratogenic Damages, Vomiting, and Wilson Disease. 
 Lead: Anemia, Behavior and Learning Problems, Circulatory System, Coma, 
Damage the Fetal Brain, Decreased Kidney Function, Hearing Problems, 
Hyperactivity, Increased Blood Pressure, Lower the IQ, Nervous System, 
Osteoporosis, Premature Birth, Seizures, and Slowed Growth. 
 Zinc: Coughing, Depression, Developing Prostate Cancer, Fatigue, Fever, 
Increased Thirst, Lethargy, Loss of Smell, Lower Blood Sugar, Neurological Signs, 
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Problems with Blood Iron, Shortened survival time in people with HIV/AIDs, and 
Stomach Pain.  
 
2.3 Geomaterials (Soils) 
Soils might consist of a mixture of organic matter, gases, organisms, and minerals. The 
common/parent minerals that comprise soils are Quartz, Calcite, Feldspar, and Mica [30]. 
Soils provide the plants with a medium to grow, natural filtration systems, and water 
storage spaces. The soils have frequently been utilized for decontamination purposes for 
their attenuation and adsorption properties to remove the impurities from gaseous and 
aqueous mediums [31], [32]. The adsorption and removal efficiencies of soils significantly 
depend on the type of minerals in the soil, fabric & structure, chemical and physical 
properties, moisture content, origin and orientation, among others. General properties of 
different types of soils (Sand, Silt, and Clay) are shown in Table 1 [33]. While typical 
values of cation exchange capacity (CEC), as will be discussed later, for different types of 








Table 1: General Properties for Different Soils [33]  
Property  Sand Silt  Clay 
Water-holding 
capacity 
Low Medium to high High 
Aeration Good Medium Poor 
Drainage rate High Slow to medium Very slow 
Soil organic matter 
level 
Low Medium to high High to medium 
Decomposition of 
organic matter 
Rapid Medium Slow 
Warm-up in spring Rapid Moderate Slow 
Compactability Low Medium High 
Susceptibility to wind 
erosion 





Low (unless fine 
sand) 
High 




Very Low Low 
Moderate to very 
high 
Sealing of ponds, 
dams, and landfills 
Poor Poor Good 
Suitability for tillage 
after rain 
Good Medium Poor 
Pollutant leaching 
potential 
High Medium Low (unless cracked) 
Ability to store plant 
nutrients 
Poor Medium to High High 
Resistance to pH 
change 







Table 2: Typical CEC Values for Different Soils [30] 
Soil CEC (meq/100g) 
Sands 1 - 5 
Fine sandy loams 5 - 10 
Loams and silt loams 5 - 15 
Clay loams 15 - 30 
Clays > 30 
Sesquioxides 0 - 3 
Kaolinite 3 - 15 
Illite 25 - 40 
Montmorillonite 60 - 100 
Vermiculite (similar to Illite) 80 - 150 
Humus 100 - 300 
 
2.3.1 Sand 
The sand is not renewable material, considered scarce, and the second most material 
utilized in the industry after water [34]. Sand is usually granular, coarse-grained, and 
cohesionless material with a particle size ranging from 0.07 to 5 mm [35]. The most 
abundant minerals of sand are Silica (in the form of Quartz) and Calcium Carbonate. 
Granular soils are often non-plastic and will not form coherent matter when wet. The 
permeability of the granular soil is high to moderate due to the presence of voids. 
Nonetheless, a small amount of fine material, such as clay, when present in the granular 
soil, may change the behavior and properties of the whole soil. The mechanical behavior 
of granular soil is affected by its structure, fabric and the effective applied stress. Factors 
like the density, anisotropy and particle arrangement will determine the soil structure, while 
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the particles’ shape, size, contacts, and distribution will control the fabric [35]. The grading 
size of granular soil can be used to indicate its origin. Poorly-graded soils are usually found 
in alluvial and aeolian deposits, while well-graded soils are found in glacial deposits. 
However, the shape and size of granular soil have a considerable effect on its behavior and 
properties, such as the voids ratio, crushability, compressibility, deformation, strength, 
relative density, internal friction and angle of repose [36]. As shown in Table 2, Sand has 
low values of CEC and, therefore, lower adsorption capacity than clays. However, the sand 
materials are still required to provide a practical and reasonable permeability/flow rates in 
the decontamination process.  
2.3.2 Smectite Clay Minerals (Bentonite/Montmorillonite) 
“Just ask their opinion: are they the more difficult to create, or the (other) beings 
We have created?! Them have we created out of a sticky clay” [37]. The clay materials are 
volcanic sediments of the lava when it flows to form what known as volcanic ash. The clay 
can be classified into seven mineral groups [38], [39], and each of these groups can contain 
many different types of clay based on the mineral composition and structure, as shown in 
Table 3 [35]. Since 1930 - 1950, the clay minerals were identified by X-Ray powder 
diffraction (XRD) with the assistance of other methods such as differential thermal analysis 
[40]. Lately, in 1950 - 1970, other methods have been proposed such as analysis by 
infrared, electron optical technique, etc. However, XRD remains the fundamental tool of 
mineralogy analysis. In 1988, a construction site in South Africa had endured excessive 
expansiveness activities. The study has investigated the mineralogy compositions of the 
subsurface materials at the site to determine the swelling properties and behavior [41]. In 
1999, a study in Oman investigated the microstructure of the Omani expansive clay by 
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using electron optical technique and the microfabric effects of the swelling on the clay 
microstructure have been recorded [42]. In 2003, a research of expansive clay in Saudi 
Arabia, eastern province, had investigated the microstructure mineralogy of the clay 
utilizing both thermal and XRD analysis. The Expansive clay, calcium sulfate (which 
existing in eastern province soil), and a mixture of them both have been considered in the 
study to evaluate the effects of microstructure changing due to the hot and humid 
environment on the heave (swell) and settlement (consolidation) of the clay [43]. In 2013, 
a study investigated the microstructural, mineralogical, and physicochemical changes of 
clay when stabilized by (CFA), class C fly ash, at a microscopic level.  CFA has reduced 
the index of plasticity (PI), swelling pressure, clay fraction (CF), and the volumetric 
moisture content of (SWCC), the soil-water characteristics curve. While, the unconfined 
compressive strength (UCS), has been increased.  The results of XRD analysis have shown 
minor changes - reduction - of clay minerals by the mechanical stabilization of CFA. 
While, noticeable changes, have been encountered in the microstructure of the clay as the 
results of (SEM), scanning electron microscopy, shown. The expansive clay has been 
stabilized then, and the swelling potential has been decreased due to the iron-oxide coating 
which chemically resulting in a reduction of water-retention capacity as shown by energy 
dispersive X-ray spectroscopy (EDXS) and XRD analyses [44].  
The clayey soil has been investigated in numerous studies [45]–[48]. However, most of the 
Geotechnical-related studies focused on the soil-structure interaction. Therefore, swelling, 
expansiveness and few other properties of clay have been investigated to examine their 
effects on structures. The study of clay is a developing field over the years. In early 2000, 
a modified classification method for expansive clay was suggested using the modified free-
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swell index (MFSI) which defined as the percentage of the volume changing of sediments 
when a 10 g of soil, oven dried, passing sieve (425 micrometers) are well mixed with 100 
ml of distilled water [49]. The results were compared with odometer swelling test and 
showed a better prediction of the expansivity than index parameters do, as shown in Table 
4. In 2001, a study investigated the effects of initial moisture content, sampling, and 
different compaction methods (static, dynamic, and kneading) on the swelling pressure, 
free-swell index, and unconfined compressive strength (UCS) of clayey soil [50]. For 
granular, non-cohesive, soil the microscopic properties are rarely considered and for 
limited applications, while for clay, especially for expansive clay, the microscopic 
properties are playing the significant role in the behavior of clayey soil.  Limited studies 
have investigated number of microscopic parameters such as cation exchange capacity 
(CEC), mineralogy and conductance of surface (CS), pH, specific surface area (SSA), and 
matric suction (MS) at optimum moisture content (OMC) which have been found to be 
most accurate estimator for the clay swelling [51], [52] as shown in Table 5.  
 
Table 3: Clay Mineral Groups and Their Characteristic Properties [35]  
Clay 
X-Ray              
d(001), A0 
Glycol Adsorption         
(mg/g) 
K2O                                          
(%) 
Kaolinite 7 16 0 
Dehydrated 
Halloysite 
7 35 0 
Hydrated Halloysite 10 60 0 
Illite 10 60 8 – 10 
Vermiculite 10 – 14 200 0 
Smectite 10 – 18 300 - 
Chlorite 14* 30 0 




Table 4: Expansivity Potential of Clayey Soil [49] 
Odometer Free 
Swell Test* 
MFSI Clay Type Expansivity 
< 1 ≤ 1 Non Swelling Negligible 
1 – 5 1 – 1.5 Mixture Low 
5 – 15 1.5 – 2 Swelling Moderate 
15 – 25 2 – 4 Swelling High 
> 25 > 4 Swelling Very High 
 *: Under a surcharge of 7 kPa and air dried to saturated samples.  
 
Table 5: Prediction of Swelling Percentage and Pressure by Microscopic Parameters [51], [52]  
Predictor 
Swell Percentage    
(%) 
R2 Swell Pressure* R2 
Matric Suction* = -4.64 + 1.55 (MS) 0.99 = -0.54 + 0.30 (MS) 0.99 
pH = -6.17 + 1.95 pH 0.63 = -1.03 + 0.40 pH 0.75 
Surface Conductance (s) = 10.39 - 0.96 (CS) 0.55 = 2.35 - 0.19 (CS) 0.60 
Montmorillonite 
Percentage (%) 
= -0.85 + 33.31 (MP) 0.59 = 0.02 + 7.03 (MP) 0.73 
 *: Normalized by 1 atmospheric pressure (100 kPa).  
 
From construction and structural perspectives; the expansive clays might be considered 
problematic, however, for environmental and geo-environmental applications; they are 
essential [53]. The expansive clay minerals attract water and dissolved ions because of their 
imbalanced net surface charges (on average 0.66/unit cell) due to isomorphous substitution 
(depends on valence, ionic size, relative amount), CEC, crystal imperfections (e.g., broken 
edges), pH-dependant charges, and adsorbed ions. Subsequently, this leads to an excessive 
volume change (interlayer ions hydration and water adsorption). This phenomenon is 
contributed to many factors affecting the degree and extent of the volume change such as 
initial moisture content, wetting-drying cycles, bonding type, and others [53]. The most 
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expansive clay minerals are that of Smectite group which consist of Alumina and Silicate 
sheets, as shown in Figure 1. Smectite consists primarily of minerals such as 
Montmorillonite (MMT), Bentonite, Nontronite, Beidellite, etc. MMT is a very soft 
dioctahedral phyllosilicate Smectite mineral with a general chemical formula of 
(Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O, and consist of (2 tetrahedral Silicate : 1 
octahedral Alumina) sheets, refer to Figures 2 through 4. MMT was encountered at 
Montmorillon in France, and has a high CEC value. MMT has equidimensional flakes 
(film-alike) particles and Monoclinic crystal with d-spacing of 0.96 nm to infinity [35]. It 
is porous and has a high surface area (50 - 120 m2/g to 840 m2/g upon expansion). The 
Bentonite is a commercial terminology of the MMT, usually mixed with other minerals, 
was encountered at Wyoming. There are different types of Bentonite; potassium-, sodium-
, calcium-, and aluminum-Bentonites. Bentonite and MMT are usually used in drilling 
mud, landfill liners, wine purification, adsorption, pottery, medicine, pet food, etc. [54]–
[57]. The Geophagia (eating earth or soil-like substrates, like clay and chalk, usually by 
animals, children, and pregnant women) is an ancient phenomenon associated with such 
type of clay using Bentonite as a digestive aid and Attapulgite as an anti-diarrheal 
medicine. Geophagia might provide a source of B12 vitamin, but if the clay was 


















Figure 1: Structure of Smectite Minerals (pubs.usgs.gov)   














Figure 3: MMT magnified over 1,000X by SEM 
(www.earthcrew.com)  
Figure 4: Clay-Water Molecular Interactions in the Interlayer 
of Na-MMT Subject to External Stress (www.ndsu.edu)  
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2.4 Molecular-Level Studies and Simulations 
It is clear, based on the earlier discussion, that in the studies and investigations of different 
behavior and processes for clays and soils through the macro- and micro-properties and 
levels are not sufficient. Most of the interactions and activities in clays are taking place in 
atomic and molecular levels which predominate the bulk and macro behavior. Therefore, 
the molecular studies and simulations become crucial for predict, estimate, and monitor the 
bulk behavior and phenomena. In the molecular modeling, techniques such as molecular 
mechanics (MM), molecular dynamics (MD), and Monte Carlo simulations (MC) are used 
[53]. MM is based on the classical computational mechanics, where a specific forcefield 
determines the potential energy of a system. Based on Newton’s second law of motion, the 
time-dependent behavior of a system with their properties variation with time can be 
obtained through MD. While MC; is a randomized computational algorithm used in many 
applications. For molecular-level studies, the Markov chain Monte Carlo (MCMC) with 
Metropolis-Hastings algorithm is used [63]–[65]. MCMC-MH is biased towards low 
energy as shown in Figure 5. Unlike MD; MCMC-MH is based on steps instead of time, 
and jagged path instead of trajectory. However, for long-range electrostatic interactions 
calculations for any periodic system in molecular simulations, the de facto method that is 
extensively used is Ewald summation method. The advantages of the Ewald summation 
are the high accuracy and suitable speed by creating a neutralized background of the system 























Figure 5: MCMC-MH Algorithm Iterations  
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Although there are some studies on the molecular-level simulations for different clays and 
geomaterials behavior, however, only limited cases attempted to connect the molecular 
simulations results and properties with the macro/bulk properties and behavior, or to 
combine more than one mineral within the same simulation [53]. One of the earliest studies 
that utilized MC and MD techniques for clays was in 1996, where a group researchers 
investigated the molecular interactions between the water molecules and Na-MMT, and 
they succeeded to quantitatively compare and explain the swelling behavior with the 
experimental results [68]. In 2005, another study employed MD to investigate and quantify 
the clay's compressibility under external stresses in both inter- and intra-layers of 
Pyrophyllite mineral, which concluded that the inter-layers compressibility is about 8 times 
more than the intra-layers [69]. Discrete element method (DEM) can also be coupled with 
MD simulations to study the swelling and other properties of clays [70]. Tao et al. [71] 
have investigated the effect of different interlayer cations (Ca, K, and Na) on the swelling 
of MMT. It is to be noted that most of those studies are based on ClayFF [72] forcefield. 
Recent comprehensive studies have been performed to study the swelling behavior based 
on MM, MD, and MC connected with macro- and micro-scale testing for natural and 
compacted clays [73]–[76]. Those studies provided accurate prediction (quantitative) 
models for swelling pressure and percentage considering a number of factors and 
parameters with their variations such as initial moisture content and density, CEC, non-
clay minerals, exchangeable cations, crude oil contamination, in-situ stress, among others. 
The prediction models employed all of those factors in addition to the cohesive energy 
density (CED) determined by a modified universal forcefield [73]–[76].  
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To a lesser extent, the molecular-level simulations were employed to study the heavy 
metals removal and adsorption on clay minerals. The absorption of Na and Pb on the 
Kaolinite clay mineral was studied using MD simulations. The study investigated the 
effects of Kaolinite defect sites, adsorption layers, and initial metals concentration on the 
adsorption using ClayFF forcefield [77]. In 2016, a recent study has been carried out on 
Ca-MMT using molecular-level simulation, to model the cation exchange between the Pb 
and Ca-MMT [78]. The model is simulating the Ca-MMT as an absorber for heavy metals 
within the human body to prevent Osteoporosis diseases. The Osteoporosis happened in 
the human body as a result of calcium deficiency. The presence of lead in the human body 
tends to consume the calcium from the body. Whenever the body is not able to provide the 
sufficient calcium content, it tends to absorb the calcium from the bones which lead to 
Osteoporosis. Hence, an edible Ca-MMT is recommended as an external source of calcium. 
However, the study did not consider the presence of water - in the human body - at the 
molecular model and assumed a dry condition between the Ca-MMT and Pb [78]. Once 
the Pb adsorbed by the MMT and then the Ca entering the bone tissues, the Pb will flow 
out of the human body by micturition. The results of the model shown that the Ca atom 
was not entirely separated from the MMT, but with the presence of water, this may not be 
the case. However, the potential of Ca-MMT to absorb the heavy metals, as Pb, from the 
human body and prevent diseases, as Osteoporosis, is very high [78]. However, the 
molecular-level simulations of the heavy metals adsorption on clay minerals are rarely 






Adsorption is one of the various methods used to remove the different types of pollutants 
and decontaminate the aqueous, gaseous, and solid mediums [79]. Adsorption is a surface 
phenomenon where the contaminants (sorbates) in a medium (sorptive) are adsorbed on 
the sorbent's surface by adhesion, as depicted in Figure 6. While the absorption is a slower 
process, at which the sorbates dissolved and permeated into the sorbent internal structure, 
as shown in Figure 7. The adsorption capacity of a material can be indicated by its CEC 
and specific surface area (SSA). The adsorption process is usually reversible and can either 
be by physical means (by van der Waals or electrostatic attraction), chemical (by covalent 
bonding), or by the hydrophobicity [80]. The physical adsorption (which repeatedly 
occurring in the natural systems) is investigated in this study associated with MM and MC 
simulations. The sorbents are classified into two main categories:  
 Natural: like sediments and geomaterials (e.g., clays).  
 Engineered: as activated alumina & carbon, silica gel, synthesis resins, zeolites, etc.  
The adsorption concept is employed in numerous applications such as:  
 Dehumidification 
 Fermentation 
 Gas pollutant removal 
 Hydrocarbon fractionation 
 Odor/color/taste removal  
 Pharmaceutical purification and proteins isolation  







Figure 6: Adsorption System (www.nature.com/scitable)  




2.5.1 Adsorption of Organic and Radioactive Contaminants on Clay Minerals  
The following review of the literature briefly highlights the use of clay minerals as sorbents 
for organic and radioactive contaminants:   
 1970: A study had been carried out to determine the CEC and surface area for 
different types of clay by utilizing the absorption abilities of the clay to remove an 
organic dye from hydrous solutions. The study has proved the efficiency of MMT 
removal of the organic dye [81].  
 2003: A computational study was carried out to investigate the adsorption process 
of clay minerals for organics in aquatic solution. The MD technique has been 
utilized for the analysis. The effects of water were also studied by produce three 
different models (dry, low water content, and high water content). As a result, the 
best adsorption capacity of clay for organics was found to be in the dry condition. 
However, the study recommended considering more advanced and non-empirical 
techniques such as quantum dynamic simulation in the future research [82]. 
 2016: A study was carried out to evaluate the engineered Bentonite as a barrier in 
isolated and deep depots for high-level radioactive waste disposal applications. 
Numerical models have been developed to optimize, simulate, and validate a proper 
Geophysical monitoring system and its ability to detect the failures in Bentonite 
along the time. Temperature, moisture content, and viscoelastic behavior of the 
Bentonite were considered in the models. The results showed that the Bentonite 
behavior is highly moisture content dependent rather than temperature. The study 
stated that the engineered Bentonite is the safest solution for the high-level 
radioactive wastes [83]. 
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2.5.2 Adsorption of Heavy Metals on Clay Minerals 
Similarly, the following review of the literature shows the potential and abilities of clay 
minerals to adsorb the heavy metals: 
 1981: A study was carried out to investigate the effects of pH (using fulvic acid) on 
the adsorption capacity of different types of clay for heavy metals (Cu, Pb, Cd, and 
Zn). In pH range of 3 to 6, the adsorption capacity of the clay was increased [84]. 
 1987: An investigation was performed to evaluate desorption, adsorption, and 
isotropic exchange properties of Illite clay for heavy metals (Cadmium) removal. 
The results showed that the sorption between the Illite and cadmium are utterly 
reversible with extended equilibrium period (7 - 8 weeks) due to slow desorption 
kinetics [85]. 
 2008: An extensive study was carried out on Kaolinite and MMT clays as 
adsorbents for heavy metals. A review of previous studies was conducted, and 
furthermore, a modification has been suggested. Kaolinite and MMT clays were 
modified by ammonium cations using acid treatment for both types of clay. 
However, the MMT and modified MMT have shown higher adsorption capacity 
than both Kaolinite and modified Kaolinite. The acid treatment of the clay, in 
general, enhanced the adsorption capacity for both types of clay [86]. 
 2009: A study investigated the adsorption of Zinc ions on a Bentonite mixture 
consists of MMT (88% mass), Quartz and K-feldspar (9% mass), and Calcite (3% 
mass). The adsorption capacity of Zinc on the Bentonite mixture was found to be 
1.1 mmol/g, with a best-fit isotherm model of Langmuir. The uptake of Zinc ions 
was reduced in the case of acid-activated Bentonite by 95%, with a best-fit isotherm 
41 
 
model of Dubinin–Radushkevich. The reduced adsorption was associated with the 
partial collapse of the MMT particles and the formation of amorphous silica [87]. 
 2009: A research investigated the adsorption of Chromium on the Turkish MMT 
and evaluate the effects of pH, contact time, and initial metal concentration in the 
range of 50 - 500 mg/l. The maximum adsorption was observed at a pH of 1.0. 
Adsorption equilibrium was established in 7 h at 20° C. The adsorption capacity of 
modified clay with Hexadecyltrimethylammonium Bromide (C19H42BrN) was 
higher than that of acid and heat treated ones [88]. 
 2009: A study has investigated the adsorption of Pb (II) from aqueous solutions on 
Turkish clays as a function of the initial Pb (II) concentration, pH, ionic strength, 
temperature, and inorganic ligand [Cl(-)]. Changes in the surfaces and structure 
were characterized using XRD, IR and potentiometric titration. The adsorption 
capacities of the clay in 0.1 (g/l) KNO3 solution were estimated to be as maximum 
as 58.88 mg/g, in the temperature range of 303 to 338 K [89]. 
 2009: A research investigated the removal of Cadmium on the Fe-MMT. The Fe-
MMT was obtained by exchanging the original interlayer cations of Ca-MMT by 
poly-hydroxyl ferric. The modified materials were characterized by XRD and FT-
IR. The effects of the initial pH and contact time on the adsorption of Cd (II) were 
studied. The pseudo-second-order chemical reaction kinetics provide the best 
correlation of the experimental data [90]. 
 2010: A study was carried out on the modifications of Tunisian Palygorskite upon 
HCl treatment and the ability to adsorb heavy metal ions. The surface area was 
increased from 59.7 to 437 m2 g−1 for 2M HCl samples and from 59.7 to 360 m2 g−1 
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for 4M HCl samples, due to the dissolution of the octahedral sheet and the creation 
of mesoporosity. The acid-activated samples showed a higher adsorption capacity 
for Cd (II) than the natural Palygorskite [91]. 
 2010: An investigation was performed on the adsorption of Pb (II) ions from 
aqueous solution by native and activated Bentonite. The adsorption kinetics, 
equilibrium, and thermodynamics of Pb (II) ions were examined. The adsorption 
efficiency of Pb (II) was increased with increasing temperature. It was shown that 
the sorption processes were endothermic reactions, and spontaneously controlled 
by physical mechanisms [92]. 
 2010: The adsorption of Arsenate and Arsenite from aqueous solutions using Ti-
MMT was investigated as a function of contact time, pH, temperature, coexisting 
ions, and ionic strength. The adsorption of both Arsenate and Arsenite were 
temperature and pH dependent. Phosphate, as a coexisting ion, had a noticeable 
influence on the adsorption of Arsenate [93].  
 2011: A study was carried out to investigate the interaction between the MMT clay 
and Lithium. The MMT can be used to decontaminate the aquatic solutions of 
Lithium, and furthermore, the Lithium-MMT combination resulted from the 
decontamination process is a polymer salt used in Lithium polymer battery for 
energy storage application. The cation exchange activities between the Lithium and 
MMT was studied and simulated at the molecular-level. However, this study 
focused on the energy storage application and did not utilize the water or aquatic 
mediums in the simulation. Furthermore, the electronic and microstructure 
properties variations of the combination have been studied [94]. 
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 2012: Kaolin was used to adsorb tannery effluents containing Cr (III) salt to support 
bacterial biofilm formation. Batch assay and confocal laser scanning microscopy 
results revealed the role of Kaolin as a support material in biofilm formation. Cr 
(III) removal from tannery effluent using low-cost adsorbents such as Kaolin and 
bacteria proved to be effective for metal concentrations ≤ 1000 ppm [95]. 
 2012: The adsorption of Ni (II) and Cd (II) on Chitosan–clay composite beads was 
examined in solutions. Contact time, pH, temperature, and effect of metal 
concentration were investigated. The maximum adsorption capacities for Ni (II) 
and Cd (II) ions were found as 32.36 mg/g and 72.31 mg/g, respectively [96]. 
 2012: A modified Kaolinite with polyvinyl alcohol is used as an adsorbent for Lead 
ions. The adsorption capacity was reduced by almost 16.5% with the simultaneous 
presence of Ca2+/Pb2+ and Na+/Pb2+ in the aqueous solution. The polymer–clay 
composite adsorbent has a good potential for the removal of Pb (II) ions from highly 
polluted aqueous solutions [97]. 
 2013: Chitosan-Na-MMT was efficiently used to remove Cu (II) from aqueous 
solutions. These materials were also characterized by XRD, FT-IR and 
thermogravimetric (TG) [98]. 
 2014: A study used a modified MMT with Chitosan (CTS) to remove Cobalt 
cations. The mass ratio of CTS to MMT had a strong influence on the adsorption 
performance of CTS–MMT. The highest adsorption value of 150 mg/g was 
obtained over the composite material with CTS to MMT mass ratio of 0.25 [99]. 
 2014: The sorption of Cu (II) and Zn (II) on Smectite, Illite, and Calcite was 
investigated. The maximum sorption capacities were ranging from 8.16 to 56.89 
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mg/g for Cu (II), and from 49.59 to 103.83 mg/g for Zn (II). The total amount of 
metal sorption was strongly influenced by the total specific surface area, the 
presence of carbonates, and the Smectite mineral content [100]. 
 2014: A research has investigated the adsorption of raw Kaolinite and (MnO2)-
modified Kaolinite for the removal of Cadmium ions from aqueous solution. The 
specific surface area of Kaolinite increased by about 68% after MnO2 modification. 
Also, the study evaluated the effects of initial pH of the solution, contact time, 
adsorbent concentration, and temperature of the solution on the adsorption 
efficiency. The adsorption capacities of Kaolinite and MnO2-Kaolinite were found 
to be 14.11 and 36.47 mg/g, respectively [101]. 
 2015: A study on Cd (II) and Pb (II) sorption, was performed at different pH values 
using Kaolinite as a sorbent. The process was efficient for Cadmium removal, while 
a high dependence on pH was observed for Lead removal [102]. 
 2015: A study used Ca-, K- and Na-MMT to adsorb Hg (II) from the aqueous 
medium. The equilibrium period was 10 h. The adsorption of Hg (II) was found to 
be highly pH dependent with the best performance close to pH of 7.0. The 
maximum sorption (~95%) of Hg (II) at an initial concentration of 10.00 μg/L was 
found in the case of K-MMT [103].  
 2016: A study was carried out to evaluate the adsorption of clay for heavy metals 
removal (Cadmium and Chromium). The pH effects on the adsorption process were 
considered. In general, the results have proved that the removal efficiency of the 




2.5.3 Adsorption Chromatography 
Most of the studies mentioned early are based on the batching experiments and usually 
used for mono-contaminant adsorption rather than competitive-contaminants adsorption. 
The batching investigations are preliminary, however, for industrial and practical 
applications the adsorption chromatography is more frequently used. The adsorption 
chromatography is a separation technique was developed in 1900, in which the dissolved 
sorbates in a mobile phase (fluid) flow through a stationary phase (sorbent) [105]. The flow 
direction of the sorbates is usually downward flow to avoid the bed (sorbents) fluidization. 
The adsorption chromatography starts with unsteady-state conditions and ends with steady-
state conditions (i.e., effluent concentration increased with time), as shown in the 
breakthrough curve in Figure 8. There are various types of chromatography for different 
applications such as column chromatography, planar chromatography (paper and thin-
layer), affinity chromatography, ion-exchange chromatography, gas and liquid 
chromatography, and others [106], [107]. However, the fixed-bed clay/soil column 
chromatography is considered in this research. Generally, the column chromatography 
consists of two processes; sorption and desorption, as shown below, however, this study is 
limited for sorption process because the bed/sorbent materials (i.e., clays) considered as 
low-cost sorbents and, hence, desorption process might not be viable/feasible.  
Sorption process:  
 Diffusion of dissolved sorbates near the sorbent surface  
 Diffusion of dissolved sorbates into the sorbent pores   
 Diffusion & adsorption of dissolved sorbates on the pore walls 
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Desorption process (i.e., sorbent regeneration) for reversible sorption upon sorbent 
saturation by: 
 Temperature and pressure swings  
 Inert stripping  
 Displacement purge 
There are few studies conducted on the column chromatography to investigate the 
adsorption of clay column systems for heavy metals. Some of which is a study carried out 
on the adsorption of Cadmium on the modified Kaolinite (polymer-Kaolinite composite) 
in a fixed-bed column chromatography [108]. The study has shown that the break- and 
exhaustion-points and the transfer time of the mass transfer zone (MTZ) down the column 
are increased when the bed thickness increases. Also, when the initial Cadmium 
concentration increased; the treated volume was reduced [108].  
 







This chapter presents details of the methodology and work tasks performed to fulfill the 
objective of the research. Basically, the work is divided into two main parts namely, 
experimental and simulations. The experimental part involves collecting and preparing of 
the raw materials for the experimental program. This part also includes performing a 
comprehensive catheterization and determining the essential index properties of the raw 
materials and soil mixture. On the other hand, the simulation part involves modeling, 
validating the bulk properties, and simulating the adsorption process of the raw materials 
and pollutants through MM and MCMC-MH techniques. The simulation study also 
involves evaluation and comparison of experimental and molecular simulation results, 
based on qualitative- and quantitative-basis.  
 
3.2 Experimental Program  
3.2.1 Heavy Metals 
The distilled water samples are contaminated with predetermined heavy metals 
concentrations as will be shown in the design of experiments. A stock solution of 1000 
ppm concentration for each heavy metal (Cu, Pb, and Zn) was prepared from heavy metals 
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salts, as shown in Table 6, and then the solution is diluted to the required initial 
concentration refer to Eq. 3.1. While the elemental properties for Cu, Pb, Zn, and some 
coexisting ions in MMT are shown in Table 7.  
 
Table 6: Heavy Metals Salts Properties (PubChem) 





CuSO4.5H2O Cu (II) 25.45 
Lead Acetate 
Trihydrate 
(CH3COO)2Pb.3H2O Pb (II) 54.61 
Zinc Sulfate 
Monohydrate 
ZnSO4.H2O Zn (II) 36.43 
 
C1 × 𝑉1 = C2 × 𝑉2                                                                          (3.1) 
 
Where: C1; initial (stock) concentration (ppm), C2; concentration after dilution (ppm), V1; 
initial (stock) volume (L), V2; volume after dilution (L).   
 










Ca 40.078 194 114 1.55 
Cu 63.546 145 87 8.96 
Na 22.9898 190 113 0.971 
Pb 207.2 154 133 11.35 





3.2.2 Soil Samples  
Two different types of soils are utilized in this study; sand and Na-Montmorillonite (Na-
MMT). The former was collected from Half-Moon beach in the eastern province of Saudi 
Arabia, while the latter; was obtained from the western province of Saudi Arabia as drilling 
mud Bentonite. In order to obtain a practical and sufficient effluent flow rate in the column 
chromatography, the permeability of the bed has to fit this condition suitably. Therefore, 
different mixtures of sand and Na-MMT were tested using different Na-MMT percentages 
ranging from 6 to 0.5 %. However, the mixture of sand + 0.5% Na-MMT yielded the most 
suitable flow rate for the adsorption experiments as will be shown later. Thereafter, a 
comprehensive characterization of sand, Na-MMT, and their mixture was performed to 
provide the index properties and related parameters for this study and any relevant studies 
in the future. The summary of the characterization for sand, Na-MMT, and their mixture 
(sand + 0.5% Na-MMT) is provided in Tables 8, 9, & 10, respectively. However, the 
detailed experiments and testing involved in the characterization are discussed below, 
briefly: 
 Sieve Analysis: is one of the fundamental testing used to obtain the particles size 
and the grain size distribution. Many soil classification systems and mechanical 
properties of the soil are based on the sieve analysis. Sieving was performed for 
sand and (sand + 0.5% Na-MMT) in accordance with ASTM standard [109], as 
shown in Figures 9 & 10, respectively.  
 Specific Gravity (GS): is an essential parameter for soils, used to indicate the 
particle's solid density and to estimate various properties of the soils. For fine 
materials, it is quite challenging to obtain the specific gravity where continuous 
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boiling, vacuuming, and stirring are simultaneously required to expel the air 
bubbles and voids from the sample. The experiments were conducted in accordance 
with ASTM standard [110] for all types of the soils. 
 Loosely packed dry density was determined for all types of the soils using 
raining/pouring of soil into a known-volume cylinder.  
 Atterberg Limits: For clays and fine materials, characteristic moisture contents are 
obtained from Atterberg limits, namely; Liquid and Plastic Limits, and Plastic 
Index. Those limits are correlated with many properties of the clay and used to 
classify the clay's plasticity [111], activity [112], expansiveness [113], and others. 
Atterberg limits were conducted in accordance with ASTM standard [114] for Na-
MMT.  
 Hydrometer and Dynamic Light Scattering (DLS): The grain size distribution of 
the very fine materials, like clays, is obtained from Hydrometer or DLS. The 
Hydrometer/Areometer/Pipette is a sedimentation method was developed in the 5th 
Century by Hypatia of Alexandria utilizing Archimedes' principle [115]. In 
Hydrometer, the particles are assumed to be spherical and calculated based on 
Stoke's law. Despite the fact that the hydrometer technique is standardized, many 
deem it to be technically and practically demanding and time-consuming, 
especially when dealing with samples having a size smaller than 2 μm (i.e., the size 
of the clayey materials and colloids) [116], and readings may continue for 96 hours 
in some extreme cases. Moreover, sample preparation, the addition of a dispersing 
agent, and the results interpretation require a well-trained technician, in addition to 
other disadvantages such as the sensitivity of the test to any vibration which would 
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affect the sedimentation rate. Further, the hydrometer method is limited to a range 
of specific gravity (GS) of 2.45 to 2.85 and a particle size within 75 to 1 μm, and 
any particle of smaller size is not detectable by this method. Also, it is reported in 
the literature that the sedimentation methods overestimate the fine material content 
in the samples (i.e., clay fraction) [117]. The influence of such drawbacks becomes 
of significance in projects where time and continuity of measurements are critical 
factors. The Hydrometer was performed in accordance with ASTM standard [118]. 
The DLS (also known as quasi-elastic laser scattering or photon correlation 
spectroscopy), is used. DLS follows Brownian motion; the larger is the particle, the 
slower will be the Brownian motion [119]. DLS assumes that the scattered photon 
is detected exactly once by the sample/particle (i.e., single scattering) and that there 
are no interactions between the particles due to electrostatic and collision forces 
between the ions. Therefore, the sample should be diluted to the least possible 
concentration (in this study is 1.4 g/l) to overcome those issues. In DLS, the 
hydrodynamic diameter (an equivalent sphere diameter that has the same 
transitional diffusion coefficient as the particle) is calculated based on Stokes-
Einstein equation. The particle size and distribution can be calculated on volume-
basis (sensitive to large particles) or number-basis (sensitive to small particles). For 
this study, the number-basis analysis is adapted. A correction for the passing 
percentages can be applied for DLS similar to hydrometer method. DLS can be 
conducted in accordance with ASTM [120] or ISO [121] standards for general 
guidelines. Microtrac S3500 DLS instrument was used in this study, which has Tri-
laser system of 780 nm wavelength and able to detect particle sizes in the range of 
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0.02 μm to 2.8 mm. The time run of each analysis was less than 60 seconds, 
approximately. The Hydrometer and DLS grain size distribution (GSD) for Na-
MMT are plotted in Figure 11.  
 Fractal Dimension: is a single-valued unit-less dimension used to describe the 
geometrical figures and structures [122]. For soils, the fractal dimension can 
represent the grain size distribution curve, and usually, its value ranges from 2 (for 
coarse materials) to 3 (for fine materials) [123]. The fractal dimension values for 
all types of soils are provided in Tables 8 through 10.  
 Compaction (Modified Proctor) Curve: The compaction curve provides the values 
of the maximum dry density (MDD) and the optimum moisture content (OMC) 
which used in different applications such as pavements, highways, and 
construction. The compaction curves were obtained for all types of the soils in 
accordance with ASTM standard [124], as shown in Figures 12, 13 & 14. 
 Angle of Repose: It has many definitions, types (static or dynamic), applications, 
and methods of measurement [36]. For different civil engineering applications [e.g., 
slope stability, discrete element modeling (DEM), retaining walls, highways, etc.], 
the static angle of repose can be defined as the angle of the steepest safe slope that 
the material can withstand without failure [125]. It can be measured directly for 
granular/cohesionless materials and indirectly for cohesive materials, therefore, in 
this research the angle of repose was determined only for sand. It is worth to 
mention that the angle of repose is not necessarily equal to the residual/critical angle 
of internal friction. Because the angle of repose measurements are not yet 
standardized; a customized instrument developed by the author with the support of 
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KFUPM and Saudi ARAMCO Dhahran FabLab, as shown in Figure 15. The 
apparatus consists of a hollow polypropylene cylinder (with an internal diameter of 
8 cm and height of 9 cm), and a controlled lifting system to maintain the lifting 
speed constant (< 2 m/s). The materials (oven dried, passing ASTM sieve #4) are 
poured into the hollow cylinder by a funnel, then the cylinder is lifted, and the 
sandpile is formed, as shown in Figure 16. Assuming the sandpile has a perfect 
conical shape, the average angle of repose can be determined using the inverse 
tangent rule.  
 Static Sliding Friction Coefficient: It is a part of Coulomb's friction coefficients 
which related the internal and interface angles of friction, and defined as the tangent 
of the slope angle at which the material starts to slide. In DEM simulations, this 
coefficient considered an essential input parameter for the model calibration [36]. 
For sand, the inclined plane instrument was used for this purpose, as illustrated in 
Figure 17. 
 XRD: The composition of sand and Na-MMT was qualitatively studied using X-
ray diffraction method (XRD). The XRD was used to identify the materials because 
each material has a characteristic wavelength due to the diffraction based on 
Bragg’s law [126]. The diffractometer Rigaku MiniFlex II® with a (Copper K-α) 
X-ray energy was used for this purpose, as depicted in Figures 18 & 19. For sand, 
as shown in Figure 18, the peaks indicate the presence of Quartz minerals and a 
minority of Calcite. While for Na-MMT, as shown in Figure 19, the peaks are in 
good agreements with a typical MMT mineral associated with some impurities.  
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 SEM: The scanning electron microscopy (SEM) technique was used to obtain high-
quality images for sand and Na-MMT that show the particles size, shape, and 
surface conditions. Manfred von Ardenne invented the first SEM in 1937 [127]. 
The SEM produces material images of high resolution and magnification (more 
than 1 nm) by scanning the surface of the material using a focused beam of 
electrons, and it can detect distances less than 100 Å, i.e., 20X to 150,000X 
magnifications [35]. When the electrons interact with the material or particle atoms, 
different signals are produced, that give information about surface topography, 
morphology, crystalline structure, and composition [using SEM Energy Dispersive 
X-Ray Analyzer (SEM-EDX)]. The advantage of the SEM is the ability to detect 
the secondary electrons that are emitted from the material which can reconstruct 
3D images. The average consumption time to produce an image is about 5 minutes. 
However, in the conventional SEM, the samples should be in dry conditions, not 
outgases or decrepitates, nor should they contain very light elements (e.g., Li, He, 
and H). The instrument used for this study is Tescan Lyra-3®; a field emission dual 
beam (focused ion beam) electron microscope (FE-SEM) which uses Gallium ions 
as a source of the focused electrons, with a magnification up to 1,000,000X. The 
soil samples were coated with Gold for electrical charges insulation to enhance the 
image resolution. The results are shown in Figures 20 through 23.  
 TEM: The Na-MMT and Smectite clay minerals, in general, have highly charged 
surfaces which cause the particles to agglomerate as shown in Figure 22. In order 
to obtain a dispersed form of the particles, dispersing agent (solution) is required 
but it can't be used directly in SEM which needed a dry sample. Therefore, the 
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transmission electron microscopy (TEM), which required ultra-thin (< 100 nm) and 
diluted sample, is employed. The first TEM was developed in 1931 by Max Knoll 
and Ernst Ruska [128]. TEM can magnify the sample over 50 million times [129]. 
Unlike SEM, the TEM produced images based on the electrons that transmitted 
beyond the sample's surface. The FEI Tecnai F30® instrument, which can operate 
at the maximum of 300 kV, was used to obtain TEM image of Na-MMT sample. 
Regarding agglomeration, the particle image is quietly improved using TEM, as 
shown in Figure 24. 
 Digital Image Processing and Analysis: For sand; the particle shape and size can be 
obtained from the SEM image, as shown in Figure 20, using image analysis 
techniques. An open source package, namely ImageJ®, developed by the National 
Institutes of Health in the USA, is used for this purpose. The digital images if 
analyzed and processed correctly, would yield the most accurate particles size and 
shape as reported in many studies [130]–[132]. The ImageJ® built-in shape 
descriptors of the particles were used in this study; which are the projected area, 
projected perimeter, circularity, aspect ratio, roundness, and solidity as summarized 
in Table 8. However, to confirm the image processing results, the projected 
perimeter was converted to an equivalent diameter, and then the grain size 
distribution was obtained. The latter has been found to be in good agreement with 
the mechanical sieve results, as shown in Figure 9. The processed (thresholded) 
SEM image is depicted in Figure 25.  
 FT-IR: Similar to XRD, the Fourier-transform infrared spectroscopy (FT-IR) is 
used for material and clay minerals identification and characterization [133]. The 
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infrared spectrum is obtained for a material (gas, liquid, or solid) by adsorption or 
emission. Also, FTIR spectroscopy can be used in gas chromatography, to obtain 
the infrared profile for the separated compounds. First FT-IR was developed in 
1969. In FT-IR, the infrared source varies depending on the absolute temperature 
and wavelengths; Tungsten-Halogen lamp (for the short-IR region), Silicon 
Carbide (for the mid-IR region), and Mercury discharge lamp (for the far-IR region) 
[134]. The Nicolet 6700® instrument was used as a thermo-scientific FT-IR 
spectrometer to obtain the FT-IR profile of the Na-MMT, as shown in Figure 26. 
 CBR: The so-called California bearing ratio (CBR) experiment is used for the 
design of flexible pavements. The CBR values indicate the strength of the subbase 
and subgrade materials in highways projects. The lower the CBR value, the thicker 
the pavement should be. The soaked CBR experiments were conducted in 
accordance with ASTMS standard [135]. For sand, the soaked CBR values 
corresponded to 0.2" penetration obtained from 3 molds (10, 25, and 56 blows 
molds) are plotted in Figure 27. While the soaked CBR value corresponded to 0.2" 
penetration and 95% of MDD, is shown in Table 8. 
 Collapsibility Potential: The unsaturated granular materials (usually with low dry 
density) might undergo a collapse (sudden settlement) upon wetting or saturating 
under constant applied stress. The collapsibility index is a parameter determined to 
quantify the collapse amount as a percent of the change of height to the initial height 
of a specimen upon wetting (starting from its natural moisture content) under a 
stress of 200 kPa. This index was determined using the same consolidometer 
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apparatus in accordance with ASTM standard [136], refer to Figure 28. According 
to index value provided in Table 8, the sand has a slight collapsibility potential. 
 Consolidation-Swelling Curve: For saturated clays, the consolidation is a decrease 
in (water content, height, or voids ratio) under long-term static loads. According to 
Terzaghi's Theory of consolidation, the amount and indices of consolidation and 
swelling can be obtained using 1-D odometer/consolidometer test with incremental 
loading, unloading, reloading cycles. Also, the over-consolidation ratio (OCR), and 
the pre-consolidation pressure can be determined from the consolidation-swelling 
curve. The consolidation test was performed in accordance with ASTM standard 
[137]. The parameters of consolidation are provided in Table 9, and the 
consolidation-swelling curve is plotted in Figure 29. 
 CEC: As discussed earlier, the CEC value can indicate the adsorption capacity for 
adsorbents (in this study: Na-MMT). The CEC of Na-MMT was determined in 
accordance with Sodium Acetate method (EPA standard [138]). In this method, the 
sample is centrifugally mixed first with Sodium Acetate and then with Ammonium 
Acetate, so the effluent solution will contain the Sodium ions, and the CEC value 
is expressed as (meq Na / 100 ml). 
 BET: To determine the specific surface area (SSA), adsorption isotherms, and pore 
size distribution of the adsorbents (Na-MMT), the Brunauer–Emmett–Teller (BET) 
Nitrogen gas adsorption method is used [139]. Unlike Langmuir method, the BET 
is assuming multi-layer adsorption in the calculations of the SSA. The BET and 
Langmuir surface areas shown in Table 9, were obtained using Micromeritics 
ASAP 2020 Accelerated® instrument. The BET isotherm is plotted in Figure 30, 
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and the pore size distribution is depicted in Figure 31. The International Union of 
Pure and Applied Chemistry (IUPAC) classifications for BET isotherms and pore 
size distribution are provided in Table 9.  
 SWCC: For unsaturated soils, the soil-water-characteristic curve (SWCC) is one of 
the essential information used in many applications where the unsaturated soils are 
used. The SWCC is a relationship between the matric suction and the saturation 
degree of the soil. For sand + 0.5% Na-MMT mixture, two values of matric suction 
were obtained against two corresponded saturation degrees ( on dry and wet sides 
at 95% of MDD) using filter paper method in accordance with ASTM standard 
[140]. Then the SWCC is then completed based on Fredlund and Xing concept 
[141] using Chin et al. estimation method [142], [143]. The SWCC for the soil 
















Figure 9: Sieve and Image Analysis for Sand 







Figure 11: Hydrometer and DLS Analysis for Na-MMT 







Figure 13: Proctor Curve for Na-MMT 







Figure 15: Angle of Repose Measurement Instrument 







Figure 17: Inclined Plane Instrument 







Figure 19: XRD Analysis for Na-MMT 







Figure 21: SEM-EDX Analysis for Sand 







Figure 23: SEM-EDX Analysis for Na-MMT 






Figure 25: SEM Image Processing for Sand (By ImageJ) 






Figure 27: Soaked CBR Values for Sand 







Figure 29: Consolidation-Swelling Curve for Na-MMT 







Figure 31: Pore Size Distribution for Na-MMT 
Figure 32: SWCC for Sand + 0.5% Na-MMT 
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Table 8: Sand Characterization Summary  
Parameter Result 
Passing Sieve# 200 (%) 0.6 
D10 (mm)* 0.105 
D30 (mm) 0.173 
D50 (mm) 0.248 
D60 (mm) 0.288 
CC 0.99 
CU 2.74 
USCS Classification SP 
AASHTO Classification A-3 (1) 
GS 2.653 
Loosely Packed Density (g/cm3) 1.500 
MDD (g/cm3) 1.942 
OMC (%) 10.1 
Saturation Degree (%) @ OMC-MDD 73.2 
Soaked CBR (%) @ 95% MDD 61 
Average Fractal Dimension 2.467 
Collapsibility Index (%), ASTM D5333 1.95 (Slight) 
mv (m2/MN) 0.047 
Secondary Compression (m2/MN) 0.0087 
Average Projected Area (mm2), 36 particles 0.00992 ± 0.00666 
Average Projected Perimeter (mm) , 36 
particles 
0.788 ± 0.446 
Average Circularity, 36 particles 0.255 ± 0.142 
Average Aspect Ratio, 36 particles 2.176 ± 1.904 
Average Roundness, 36 particles 0.579 ± 0.196 
Average Solidity, 36 particles 0.654 ± 0.113 
Angle of Repose (Degrees) 24.69 
Static Sliding Friction Coefficient 0.635 




Table 9: Na-MMT Characterization Summary  
Parameter Result 
Passing Sieve# 200 (%) 100 
Clay Fraction (< 0.002 mm) % 98.3 
Colloids (< 0.001 mm) % 94.7 
LL (%) 434.4 
PL (%) 52.9 
PI (%) 381.5 
USCS Classification CH 
AASHTO Classification A-7-5 (457) 
Plasticity Very High 
Activity Active Clay 
Potential of Expansiveness Very High 
CEC (meq Na/100 ml) 90 
Gs 2.353 
Loosely Packed Density (g/cm3) 0.893 
MDD (g/cm3) 1.046 
OMC (%) 21.4 
Saturation Degree (%) @ OMC-MDD 40.3 
Compression Index 0.332 
Recompression/Swelling Index 0.227 
Pre-consolidation Stress (kPa) 120 
aV (1/kPa) 0.001201 
mV (1/kPa) 0.0005338 
Average Fractal Dimension 2.996 
BET Surface Area (m2/g) 83.9210 
Langmuir Surface Area (m2/g) 120.0463 
Adsorption IUPAC Classification 
IV (Monolayer-Multilayer Adsorption and 
Capillary Condensation) 





Table 10: Sand + 0.5% Na-MMT Mixture Characterization Summary 
Parameter Result 
Passing Sieve# 200 (%) 2.8 
D10 (mm) 0.099 
D30 (mm) 0.171 
D50 (mm) 0.250 
D60 (mm) 0.292 
CC 1.01 
CU 2.95 
USCS Classification SP 
AASHTO Classification A-3 (1) 
GS 2.638 
Loosely Packed Density (g/cm3) 1.470 
MDD (g/cm3) 1.815 
OMC (%) 11.8 
Saturation Degree (%) @ OMC-MDD 68.1 
Average Fractal Dimension 2.610 
 
3.2.3 Fixed-Bed Column Chromatography 
As discussed earlier, the continuous-flow adsorption experiments of the heavy metals (Cu, 
Pb, and Zn) on the soil (sand and Na-MMT) were conducted using the fixed-bed column 
chromatography. For a lab-based model, the column can be scaled down to around 50 mm 
but not smaller, to avoid excessive wall effects [144]. The recommended minimum 
diameter of the column is 50 times the effective bed-material diameter. The Bed height to 
column diameter ratio is recommended to be around 10 [144]. However, the wall effects 
were studied by measuring the effluent concentration in an empty column, and the wall 
removal was as maximum as (0.3 ppm). The column chromatography used in this study is 
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schematically shown in Figure 33. The adsorption experiments are conducted using 
different experimental conditions that are shown in Table 11. The variations in the 
experiments adsorption type (mono or competitive), initial concentration (low or high), 
effluent flow, initial pH, filtration rate, and elapsed time. Also, the experiments are 
performed for two different sorbents combination; the first is (sand + 0.5% Na-MMT), 
while the other is sand, to separate the effects of sand on the results as the sorbent of interest 
is the Na-MMT. Sand has not highly charged surfaces or hydrophobicity. Therefore, the 
potential removal of heavy metals by sands is possible through precipitation. Precipitation 
itself is a remediation and decontamination method used in water treatment [145]. 
However, it is not recommended for heavy metals because of that the precipitation of heavy 
metals hydroxides is a function of the pH, temperature, and initial concentration and, 
therefore, is reversible upon the variations in those factors, as shown in Figure 34. Using 
Visual MINTEQ 3.1® software, the precipitation percentages for the heavy metals 
hydroxides are obtained. 
As shown in Figure 8, the breakthrough point is not considered as 0.05, but for each heavy 
metal, the tabulated allowable limits for drinking water are considered as shown in Table 
12. The elapsed time is limited to the expected breakthrough points and, therefore, the 
saturation points might not be reached. However, even when the breakthrough points are 
crossed, the columns still can be used when connected to other columns in series for 
practical applications. The treated volume plotted on the breakthrough curves can be 
calculated from Eq. 3.2. It is to be noted that the experiments were conducted in a 
temperature-controlled environment at 25 0C. The effluent samples were taken along the 
elapsed time, and then the concentration of heavy metals was determined for each sample 
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using inductively coupled plasma optical emission spectroscopy (ICP-OES). The ICP-OES 
is used to provide a bulk quantitative elemental analysis of the material such as powders, 
solids, and liquids. Argon gas is used to form the plasma, and then the thermally excited 
elements emit characteristic optical radiation which is detected by the instrument 
(PerkinElmer Inc. - Optima 8000®). Also, after the experiments, the Na-MMT was sieved 
(to separate it from sand), oven-dried, and then analyzed using SEM-EDX for the 
qualitative elemental analysis.  
 
Treated Volume (L) =
𝑄eff × 𝐸𝑙𝑎𝑝𝑠𝑒𝑑 𝑇𝑖𝑚𝑒
1000
                                                                    (3.2) 















Figure 33: Column Chromatography Schematic 


























































































































































































































































7.4 – 44.2 2.55 – 0.6 5.57 – 5.36 0.81 – 0.19 7860 – 4380 




Pb (II) 7.3 – 33.0 2.55 – 3.73 5.13 – 4.71 0.81 – 1.19 4380 – 1500 




10.1 – 49.7 
3.61 – 1.43 4.83 – 5.07 1.15 – 0.46 4500 – 4500 Pb (II) 8.2 – 31.7 
Zn (II) 10.5 – 49.1 
Cu (II) 
Competitive 
N.A. – 52.72 
N.A. – 4.75 
N.A. – 5.51       
(Final = 6.90) 
N.A. – 1.51 N.A. – 3420 Sand (50 g) Pb (II) N.A. – 37.66 
Zn (II) N.A. – 45 
 
 
Table 12: Breakthrough (Maximum Allowable) Limits for Heavy Metals in Drinking Water  
Heavy Metal (Sorbate)  Standard/Regulation 
Maximum Concentration in 


















3.3 Molecular-Level Simulations 
The MM and MCMC-MH simulations of the adsorption of heavy metals on Na-MMT and 
sand were performed using Material Studio® package developed by Biovia® (formerly 
Accelrys®). Material Studio is a computational physiochemical package used for 
molecular-level simulations through many built-in modules such as morphology, 
polymorph predictor, reflex, adsorption locator, properties predictor, sorption, among 
others. The general workflow of the simulations is summarized below:  
 Importing: From an external source [73]–[76], a unit cell for Na-MMT (with 10% 
natural moisture content) and sand was separately imported to Material Studio. The 
legend of atoms and elements in Material Studio is shown in Figure 35. 
 Forcite Module: This module contains different function and computational 
features that are based on MM principles. Geometry optimization is one of its 
functions that used to optimize the unit cell and calculate its final and stable 
properties such as the density (which can be compared to the experimental density), 
lattice parameters, among others using modified UFF forcefield [73]–[76]. The 
Material Studio setup of "Geometry Optimization" is provided in Table 13.  
 Non-Periodic Cells: Thereafter, the unit cell was converted to a non-periodic cell, 
to construct a particle consists of 3 cells at the packed experimental density. 
 Amorphous Cell Module: This module was not employed in the simulation, but it 
was used to estimate the required lattice dimensions for 3 unit cells to obtain the 
packed experimental density. Then an empty lattice frame with the estimated 
dimensions was built.  
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 Sorption Module: This module is the most essential in this study. Sorption (fixed 
loading) module was used to construct the soil particle by adsorption the 3 unit cells 
into the empty lattice frame created early. Analogously, the heavy metals can be 
adsorbed on the soil particle using the same module. The Material Studio setup for 
this module is shown in Table 14. After constructing the soil particle by this 
method, the final lattice parameters and properties were obtained using Forcite 
(geometry optimization) module. 
 Heavy Metals Adsorption: The heavy metals (Cu, Pb, and Zn) are adsorbed on each 
soil particle (sand and Na-MMT) either by mono-adsorption (individual heavy 
metal) or competitive-adsorption (mixed heavy metals). First, the Sorption 
(isotherms) module is used to obtain the number of atoms uptake or adsorption on 
the soil particle under a fugacity ranging from 10 kPa to 100 MPa. The fugacity is 
defined as the pressure of an ideal gas that has the same chemical potential of its 
real gas [146]. The Material Studio setup for Sorption (isotherms) module is shown 
in Table 15. Then, the Sorption (fixed loading) module was used in incremental 
loading until the maximum number of heavy metal atoms adsorbed on the particle 
is reached. The Sorption module simulates the physical sorption.  
 CED: In Forcite module, the cohesive energy density (CED) function is used based 
on MM principles. The CED is a quantitative measurement of the cohesion per the 
unit volume of a molecule [73]–[76]. The cohesive energy is defined as the energy 
that is needed to separate the closely attracted molecules apart from each other (i.e., 
from liquid to gaseous phases) and it is commonly related to the solubility [147]. 
Three types of cohesive energy density were calculated using this module; total 
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(CED), electrostatic (E_CED), and van der Waals (V_CED). The Material Studio 
setup of this module is given in Table 16.  
 Comparative Study: The simulations performed by Material Studio are considered 
at molecular and atomic levels. Therefore, the breakthrough curves that obtained 
from the column chromatography experiments have to be plotted in terms of atoms 
numbers to make the experimental and simulation results comparable (qualitatively 
and then quantitatively). For qualitative comparison; using Avogadro's number, the 
initial concentration of heavy metal (C0), treated volume, and the molecular weight 
of heavy metal the total number of sorbate atoms adsorbed on the sorbent material 
can be calculated as shown in Eq. 3.3. Since the Material Studio simulates a particle 
of the sorbent that consists of 3 cells and not the whole amount of the sorbent (to 
expedite the simulation), the number of sorbate atoms adsorbed on the sorbent 
particle can be calculated using Eq. 3.4. Furthermore, for quantitative comparison; 
the elapsed time at exhaustion/saturation [i.e., at the maximum number of sorbate 
atoms (resulted from the simulation) adsorbed on the sorbent particle] can be back-
calculated using Eqs. 3.4 through 3.2.  
  
Total Sorbate Atoms =  
𝐶0(𝑝𝑝𝑚) × 𝑇𝑟𝑒𝑎𝑡𝑒𝑑 𝑉𝑜𝑙𝑢𝑚𝑒 (𝐿) × 0.001 × 6.022 × 10
23
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐻𝑒𝑎𝑣𝑦 𝑀𝑒𝑡𝑎𝑙 (𝑔/𝑚𝑜𝑙)








𝑆𝑜𝑟𝑏𝑒𝑛𝑡 𝑇𝑜𝑡𝑎𝑙 𝑀𝑎𝑠𝑠 (𝑔) 
       (3.4) 
Where: Molecular Weight of Heavy Metal; obtained from Table 7. Sorbent Total Mass = 




Table 13: Forcite (Geometry Optimization) Module Setup  
















Table 14: Sorption (Fixed Loading) Module Setup  

















Metropolis  25000 298 100 
Modified 
UFF 




Figure 35: Material Studio Element Legend 
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Table 15: Sorption (Isotherms) Module Setup  














Isotherms  Metropolis  10-105 298 100 100 
Modified 
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10 Ewald  
 

























RESULTS AND DISCUSSION 
 
4.1 General  
This chapter presents and discusses the results of the experimental work and simulations 
conducted. The experimental work was performed on the soil samples as sorbents (sand 
and Na-MMT) and heavy metals as sorbates (Cu, Pb, and Zn) using fixed-bed column 
chromatography. The molecular-level simulations were conducted using Material Studio 
package.   
 
4.2 Experimental Results 
The collected effluent samples along the elapsed time were analyzed using ICP-OES as 
discussed early. The ratio of the effluent concentration to the initial concentration (a ratio 
value of 1 means 100% degradation in the adsorption capacity) against each elapsed time 
was then determined, and the breakthrough curves are plotted for each experiment. In the 
following points, the experimental outcomes and results are discussed thoroughly:  
 Mono Adsorption on 0.5% Na-MMT: The adsorption results of Cu (II) on the 0.5% 
Na-MMT for both low and high concentrations, refer to Table 11, are shown in 
Figures 36 & 37, respectively. The breakthrough point is reached in the case of 
low concentration at 4987 minutes, while it was not achieved for the high 
84 
 
concentration. The reason for this is that the effluent flow of the high concentration 
was much lower than it in the case of the low concentration and this might be 
attributed to the clogging of pores due the copper precipitations on the soil at such 
high concentration, as will be discussed later. This also explains the 71% 
degradation of the adsorption capacity in the case of low concentration, in 
comparison to 0% in case of high concentration. For the case of Pb (II), the low and 
high concentrations curves are shown in Figures 38 & 39, respectively. The 
breakthrough point in both concentrations is achieved too early because the FDA 
regulation for Pb is relatively too low (0.005 ppm). A degradation of 15% in the 
adsorption capacity occurs in the low concentration at 4380 minutes, while for the 
high concentration at 1500 minutes. The initial pH in the high concentration is 
lower than it in the low concentration, and depending on the final pH (which is 
expected to increase as will be shown later) the precipitation of the Pb might be 
lower in case of the high concentration, refer to Figure 34. Similarly, for Zn (II), 
the low and high concentrations curves are shown in Figures 40 & 41, respectively. 
The breakthrough point is reached in the high concentration, but not in the low 
concentration case due to the low effluent flow in the case of low concentration 
and, therefore, low treated volume. A degradation of 4% in the adsorption capacity 
at 4320 minutes occurs in the low concentration, and of 65% at 4500 minutes in the 
high concentration. The quantitative comparison between the heavy metals in mono 
adsorption might be quite tricky because of the experimental conditions variations 
for each heavy metal. However, qualitatively, the Cu and Zn show a similar trend 
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in the adsorption on 0.5% Na-MMT, especially, in the case of similar effluent flow 
rates regardless of the concentration.  
 Competitive Adsorption on 0.5% Na-MMT: For Cu, the low and high concentration 
curves are shown in Figures 42 & 43, respectively. The breakthrough points are 
reached in both concentrations. Because of the effluent flow rates (higher in case 
of low concentration), there was a degradation of 92% in the adsorption capacity at 
4500 minutes in low concentration, and of 38% at 4500 minutes in high 
concentration. For Pb, the low and high concentration curves are shown in Figures 
44 & 45, respectively. Expectedly, the breakthrough point is achieved in both 
concentrations. Because of the effluent flow rates (higher in case of low 
concentration), there was a degradation of 92% in the adsorption capacity at 4500 
minutes in low concentration, and of 23% at 4500 minutes in high concentration (a 
similar trend with Cu case). However, such high degradation in the adsorption 
capacity for low concentration might be attributed to the precipitation expected to 
take a significant place in competitive adsorption as will be shown later. Similarly, 
for Zn, the low and high concentrations curves are provided in Figures 46 & 47, 
respectively. The breakthrough point is reached in both concentrations. Regardless 
of flow rates and concentrations, the degradations in the adsorption capacity for 
both concentrations were similar; 100% (exhaustion) in low concentration, and 
98% in high concentration, both at 4500 minutes. In the competitive adsorption, the 
qualitative and quantitative comparisons are more straightforward than the case of 
mono adsorption due to the unified experimental conditions. However, it is clearly 
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shown in all of the cases, the adsorption selectivity on Na-MMT is biased towards 
Zn, Cu, and then Pb, for the reasons that will be discussed later.  
 Competitive Adsorption on Sand: The imbalanced surface charges and CEC of the 
sand (which is mainly consist of Quartz) are expected to be low. The removal of 
heavy metals on sand can be attributed to the surface charges, CEC, and more 
significantly to the precipitation of heavy metals hydroxides. Therefore, the heavy 
metals adsorption on sand is studied for high concentration only to obtain the 
maximum removal that can be resulted from sand. For Cu, Pb, and Zn the 
breakthrough curves are shown in Figures 48, 49, & 50, respectively. The 
breakthrough points are reached in all cases. While the degradation in the 
adsorption capacity was as 59% at 3420 minutes for Cu, 18.6% at 3420 minutes for 
Pb, and 100% (exhaustion) at 2100 minutes for Zn. However, the exhaustion in the 
case of Zn occurred more rapidly which explain the lesser treated volume. Similar 
to the competitive adsorption on 0.5% Na-MMT, the adsorption selectivity on sand 
is biased towards Zn, Cu, and then Pb. In Table 17, shown the precipitation 
percentages of the heavy metals hydroxides determined using Visual MINTEQ 3.1, 
as discussed earlier, at the final pH of 6.9 and 25 0C. The precipitation percentage 
is found to be as 94.6% for Cu, 98.5% for Pb, and 0% for Zn. The majority of the 
Cu and Pb removal has resulted from the precipitation. However, for Zn, the 





 SEM-EDX Analysis: As discussed earlier, the 0.5% Na-MMT samples for high 
concentration cases were sieved and oven-dried to be analyzed by SEM-EDX. The 
high concentration samples were used because of that the SEM-EDX analysis area 
is too narrow, and the analysis is considered qualitative. Therefore, the chances of 
studying the changes for the Na-MMT in the case of high concentration are higher 
than that in low concentration. For Cu, the Na-MMT after treatment (adsorption) 
got a greenish grey color instead of the original reddish brown color (which 
indicates the precipitation of Cu hydroxide) as shown in Figure 51. While the 
SEM-EDX analysis, given in Figure 52, shows that the coexisting ions percentages 
(mainly Fe and Na) were reduced from the original Na-MMT, refer to Figure 23. 
The precipitation of Pb might not be trackable in terms of colors as seen in Figure 
53. However, a similar trend in the SEM-EDX analysis of Pb with Cu case was 
found as shown in Figure 54. However, the percentage of Pb is higher and this 
support that the precipitation of Pb is higher as shown in Table 17. Similarly, for 
Zn, the post-treatment image and SEM-EDX are shown in Figures 55 & 56, 
respectively. For the competitive adsorption case, the post-treatment image is 
shown in Figure 57, which clearly indicates (by color) the Cu hydroxides 
precipitation. While the SEM-EDX analysis, given in Figure 58, shows that the 
percentage of Cu is higher than Pb, and this can be attributed either to that the SEM-
EDX analyzed area might not be representative, or to that the precipitation on 





Table 17: Heavy Metal Hydroxide Precipitation at 6.9 pH and 25 0C (by Visual MINTEQ 3.1)  
Heavy Metals (Sorbate)  
Heavy Metal Hydroxide Precipitation 
(%) 
Cu (II) 94.6 
Pb (II) 98.5 








Figure 36: Breakthrough Curve for Mono Cu Adsorption (low 






Figure 37: Breakthrough Curve for Mono Cu Adsorption (high 
concentration) on 0.5% Na-MMT 
Figure 38: Breakthrough Curve for Mono Pb Adsorption (low 







Figure 39: Breakthrough Curve for Mono Pb Adsorption (high 
concentration) on 0.5% Na-MMT 
Figure 40: Breakthrough Curve for Mono Zn Adsorption (low 







Figure 41: Breakthrough Curve for Mono Zn Adsorption (high 
concentration) on 0.5% Na-MMT 
Figure 42: Breakthrough Curve for Competitive Cu 







Figure 43: Breakthrough Curve for Competitive Cu 
Adsorption (high concentration) on 0.5% Na-MMT 
Figure 44: Breakthrough Curve for Competitive Pb 







Figure 45: Breakthrough Curve for Competitive Pb 
Adsorption (high concentration) on 0.5% Na-MMT 
Figure 46: Breakthrough Curve for Competitive Zn 







Figure 47: Breakthrough Curve for Competitive Zn 
Adsorption (high concentration) on 0.5% Na-MMT 
Figure 48: Breakthrough Curve for Competitive Cu 






Figure 49: Breakthrough Curve for Competitive Pb 
Adsorption (high concentration) on Sand 
Figure 50: Breakthrough Curve for Competitive Zn 






Figure 51: Pre- and Post-Treatment/Adsorption Soil Samples 
for Mono Cu Adsorption (high concentration) on 0.5% Na-
MMT 
Figure 52: SEM-EDX Analysis for Mono Cu Adsorption (high 






Figure 53: Pre- and Post-Treatment/Adsorption Soil Samples 
for Mono Pb Adsorption on 0.5% Na-MMT 
Figure 54: SEM-EDX Analysis for Mono Pb (high 






Figure 55: Pre- and Post-Treatment/Adsorption Soil Samples 
for Mono Zn Adsorption (high concentration) on 0.5% Na-
MMT 
Figure 56: SEM-EDX Analysis for Mono Zn (high 






Figure 57: Pre- and Post-Treatment/Adsorption Soil Samples 
for Competitive Adsorption (high concentration) of 0.5% Na-
MMT 
Figure 58: SEM-EDX Analysis for Competitive (high 
concentration) Adsorption on 0.5% Na-MMT 
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4.3 Molecular-Level Simulations 
The adsorption of the selected heavy metals (sorbates) on the sorbents (sand and Na-MMT) 
was simulated using Material Studio package, as mentioned earlier. In the following points, 
the simulations outcomes and results are discussed: 
 Sorbents Particle: Each sorbent particle (sand and Na-MMT) was constructed using 
Sorption (fixed loading) module in Material Studio. Three (3) unit cells are 
adsorbed on an empty lattice frame (i.e., the particle frame) with predetermined 
dimensions, as shown in Figure 59. However, the lattice dimensions are changed 
when the Forcite (geometry optimization) was used to determine the final and stable 
properties of the particles. For Na-MMT, the unit cell and particle are shown in 
Figures 60 & 61, respectively. The lattice parameters for Na-MMT (unit cell and 
particle) are provided in Table 18, which shows good agreement between the 
simulation and experimental density and this can be used as a calibration criterion. 
While for sand, the unit cell and particle are shown in Figures 62 & 63, 
respectively. The lattice parameters for sand (unit cell and particle) are provided in 
Table 19. Unlike the Na-MMT, the densities in the sand were quite different 
(although the densities were the same before the geometry optimization), and this 
might be attributed to the other minerals comprise the sand (like Calcite) that were 
not included in the simulation. 
  Sorption (Fixed Loading) Module for Heavy Metals: Both mono and competitive 
adsorption of heavy metals on Na-MMT and sand were simulated in Material 
Studio. The Sorption (fixed loading) module was used in an incremental loading of 
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heavy metals until the maximum number of atoms/elements is reached, as 
illustrated in Figure 64. For Na-MMT, in mono adsorption; the maximum adsorbed 
atoms for Cu, Pb, and Zn were as 2989, 1807, and 4845, as shown in Figures 65, 
66 & 67, respectively. While for competitive adsorption, the maximum adsorbed 
atoms for Cu, Pb, and Zn were as 999, 632, and 1507, as shown in Figure 68. The 
results are qualitatively in good agreement with the experimental results where the 
adsorption of Zn was the maximum followed by Cu, and then Pb, for the reasons 
that will be discussed later. For sand, in both cases (mono and competitive) 
adsorption, the maximum adsorbed atoms was as 12 for Zn, while no atoms of Cu 
or Pb were adsorbed, refer to Figure 69. This explains part of the Zn removal in 
the sand where the precipitation is taking place in Cu and Pb but not in Zn. 
 Sorption (Isotherms) Module for Heavy Metals: Similarly, the adsorption isotherms 
(obtained as the average atoms uptake per unit cell plotted against the fugacity 
ranging from 10 kPa to 100 MPa) were studied using this module. For Na-MMT, 
the isotherms results show a good agreement with both sorption (fixed loading) and 
experimental results as shown in Figure 70. However, expectedly, the atoms uptake 
(i.e., adsorption capacity) in the competitive case was reduced, but the same trend 
is kept at which the maximum adsorption occur for Zn. For sand, as seen in Figure 
71, a maximum of 2 Zn atoms per unit cell is adsorbed, as also concluded from 
sorption (fixed loading) results. 
 Breakthrough Curves: In order to make the experimental results comparable; the 
breakthrough curves for (sand + 0.5% Na-MMT) were plotted in terms of total 
sorbate atoms and the sorbate atoms per sorbent particle as calculated from Eqs. 
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3.3 & 3.4, respectively. Also, the maximum sorbate atoms resulted from the 
sorption (fixed loading) simulations are plotted on the breakthrough curves, as 
shown in Figures 72 through 83. For the mono adsorption cases (both low and 
high concentrations), the maximum atoms resulted from the simulations are greater 
than the atoms at the maximum reached degradation in the adsorption capacity. 
Therefore, it is most likely that the maximum atoms from the simulations are 
representative for the actual saturation/exhaustion points), refer to Figures 72 to 
77. For the competitive case, the maximum Cu atoms resulted from the simulations 
were lower than the atoms at the maximum degradation in the adsorption capacity, 
as shown in Figures 78 & 79. For Pb and Zn, the maximum atoms resulted from 
the simulations are expected to be reasonable estimation for the saturation points, 
as shown in Figures 80 through 82, except the high concentration case of Zn as 
shown in Figure 83. However, such differences between the experimental and 
simulations results can be attributed to precipitation, cation exchange, coexisting 
ions, different clay and non-clay minerals that may exist in the sorbent, different 
pH, and other factors that were not considered in the simulation. The simulation 
considered only the physical sorption on Na-MMT based on MM and MCMC-MH. 
Furthermore, based on the maximum atoms resulted from the simulations, the 
required time to reach this number of atoms was back-calculated based on Eqs. 3.4, 
3.3 & 3.2, as provided in Table 20. 
 CED: As discussed earlier, the Forcite (cohesive energy density) module in 
Material Studio was used to determine the total CED, E_CED, and V_SED because 
it can be related to many behaviors and parameters of clays as shown in the recent 
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studies [73]–[76]. The total CED is negative usually for the negatively charged 
atoms (as Na-MMT), and vice versa [148]. While, the E_CED is part of the total 
CED and indicates the electrostatic interactions between the molecules, and the 
V_CED describes the physical van der Waals interactions. For Na-MMT, the CED, 
E_CED, and V_CED results are shown in Figures 84, 85 & 86, respectively. The 
total CED values are negative for the aforementioned reasons and, however, the 
highest value was in the case of blank/original Na-MMT, and it was decreasing 
(undoubtedly) upon the adsorption (mono and competitive) of the heavy metals 
(cations) which are positively charged, refer to Figure 84. In mono adsorption, the 
total CED of Cu and Zn are approximately equal (similar atomic radius refer to 
Table 7), while the maximum reduction in CED was in the case of Pb (the highest 
atomic radius). A similar trend was found for V_CED with all negative values. 
However, for E_CED, the maximum value (positive) was in the case of Zn 
adsorption which can explain the adsorption selectivity for Zn against Cu and Pb. 
For Sand, the CED, E_CED, and V_CED results are shown in Figure 87. The total 
CED values are all positive, and therefore it was increasing (from the blank sand) 
upon Zn adsorption. For V_CED, in the blank sand it was a positive value, and 
upon the adsorption of Zn, it became a negative value which indicates repulsive 
interactions. Finally, for E_CED there was no change in their positive values which 
confirms the minor electrostatic interactions in the sand. 
 Stepwise Regression Analysis: As explained earlier, a quantitative comparison 
between the simulation and experimental results is quite challenging. However, a 
semi-quantitative comparison is attempted by conducting stepwise regression 
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analysis using SPSS. The prediction models that obtained from such analysis are 
considered useful tools for semi-quantitative comparison. The stepwise regression 
was performed on the maximum heavy metals atoms adsorbed (physically) on the 
Na-MMT resulted from the simulations as a dependent variable and the related 
independent variables: adsorption type (mono or competitive), initial heavy metals 
concentrations, CED, E_CED, V_CED, effluent flow rates, and pH.  The stepwise 
regression was adapted to select the most suitable independent variables that will 
produce the best fit statistical prediction models. The models that have a high 
correlation coefficient (i.e., R-squared) prove that the simulation results are 
matching the variations in the experimental conditions (i.e., the independent 
variables). Based on this criteria two models were obtained. The first model 
employed the E_CED and pH as the selected independent variables with adjusted 
R-squared of 0.823, refer to Eq. 4.1. While the second model was enhanced by 
employing the E_CED, pH, and Zn initial concentration as the selected independent 
variables with adjusted R-squared 0.912, as provided in Eq. 4.2. With such high R-
squared values, the same trend is followed by the experimental results and 
simulation results (with its response to the variations in the experimental 
conditions). However, it is to be noted that the generated models are limited to the 
experimental conditions, heavy metals types and concentrations, Na-MMT, and 








 at Exhaustion = (𝐸_𝐶𝐸𝐷 × 𝐴) + (𝑝𝐻 × 𝐵) − 𝐶                                        (4.1) 
Sorbate Atoms(Simulation)
Sorbent Particle
 at Exhaustion = (𝐸_𝐶𝐸𝐷 × 𝐷) + (𝑝𝐻 × 𝐸) − (𝐶0 (𝑍𝑛) × 𝐹) − 𝐺            (4.2) 
 
Where: E_CED; electrostatic cohesive energy density (kJ/cm3), A= 3923350.386, B= 
2131.892, C= 5000268236, C0 (Zn); initial Zn concentration (ppm), D=3860887.824, E= 
2087.965, F= 20.926, G= 4920659917.  
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2989 12.7 – 9 
Pb (II) 1807 25.4 – 3.8 
Zn (II) 4845 52.8 – 7.8 
Cu (II) 
Competitive 
999 2.2 – 1.1 
Pb (II) 632 5.5 – 3.6 













Figure 60: Na-MMT Unit Cell 







Figure 62: Sand (Quartz) Unit Cell 






Figure 64: Maximum Sorbate Atoms Adsorbed on Na-MMT 
Particle Resulted from Simulations 
Figure 65: Maximum 2989 Cu Atoms Mono Adsorbed on Na-






Figure 66: Maximum 1807 Pb Atoms Mono Adsorbed on Na-
MMT Particle 







Figure 68: Maximum Atoms Competitive Adsorbed on Na-
MMT Particle 
Figure 69: Maximum 12 Zn Atoms Mono/Competitive 







Figure 70: Sorption (Isotherms) Module Results for Na-MMT 






Figure 72: Breakthrough Atoms Curve for Mono Cu 
Adsorption (low concentration) on Na-MMT 
Figure 73: Breakthrough Atoms Curve for Mono Cu 







Figure 74: Breakthrough Atoms Curve for Mono Pb 
Adsorption (low concentration) on Na-MMT 
Figure 75: Breakthrough Atoms Curve for Mono Pb 







Figure 76: Breakthrough Atoms Curve for Mono Zn 
Adsorption (low concentration) on Na-MMT 
Figure 77: Breakthrough Atoms Curve for Mono Zn 






Figure 78: Breakthrough Atoms Curve for Competitive Cu 
Adsorption (low concentration) of Na-MMT 
Figure 79: Breakthrough Atoms Curve for Competitive Cu 






Figure 80: Breakthrough Atoms Curve for Competitive Pb 
Adsorption (low concentration) of Na-MMT 
Figure 81: Breakthrough Atoms Curve for Competitive Pb 






Figure 82: Breakthrough Atoms Curve for Competitive Zn 
Adsorption (low concentration) of Na-MMT 
Figure 83: Breakthrough Atoms Curve for Competitive Zn 







Figure 84: Total CED for Na-MMT 







Figure 86: V_CED for Na-MMT 




SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS  
 
5.1 Summary 
The rapid growth and developments in the recent industrial activities are considered the 
primary source of the groundwater contamination by heavy metals. This contamination is 
harming the health and environment (flora and fauna), significantly. In addition to the fact 
that the groundwater and drinking water sources are limited in arid and semi-arid regions 
such as Saudi Arabia, the threat could be fatal. Therefore, a rapid, cost-effective, and 
economical decontamination solution is crucial. 
Different decontamination methods exist such as bioremediation, electrokinetic 
remediation, precipitation, adsorption, among others. The adsorption method is adapted in 
this study due to its capabilities in practical and industrial applications. Instead of batching 
experiments, the fixed-bed column chromatography is used as an adsorption method 
because of its advantage in providing continuous-flow remediation and, therefore, is 
suitable for industrial use. The adsorption might be performed on many sorbents like 
activated carbon, silica gels, etc. However, such materials are considered relatively costly. 
On the other hand, the clayey materials, such as Smectite clay minerals (namely 
Bentonite/MMT), are considered as low-cost sorbents with an average cost of US$ 0.04 – 
0.12 per kg, which considered 20 times cheaper than activated carbon [1] and, therefore, is 
utilized in this research. Many studies available on the adsorption abilities of Na-MMT for 
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organic and heavy metals pollutants but only limited studies have employed continuous-
flow experiments, mainly, for competitive heavy metals adsorption.   
Therefore, fixed-bed column chromatography experiments are conducted to study the 
adsorption of heavy metals [Cu (II), Pb (II), and Zn (II)] on Na-MMT and (Sand + Na-
MMT) mixture were conducted. The (Sand + Na-MMT) was selected in a combination that 
provides the most suitable and practical effluent flow in the experiments, and it has been 
found that (Sand + 0.5% Na-MMT) satisfy these conditions. The experimental conditions 
variations include filtration rate, pH, initial concentration, elapsed time, adsorption type 
(mono or competitive), and effluent flow rates. Furthermore, molecular-level simulations 
were performed to validate and understand the adsorption process in sand and Na-MMT 
since it is taking place at atomic and molecular level. Thereafter, qualitative and semi-
quantitative comparative studies between the experimental and simulation results have 
been conducted. Finally, prediction models with high accuracy were provided as a semi-
quantitative assessment tool and also to provide a connection between the macro- and 
micro-properties when interpreting the adsorption results.  
 
5.2 Conclusions  
In light of the experimental program and molecular-level simulation conducted in this 
thesis, the following conclusions can be drawn: 
 Sand with only 0.5% Na-MMT was sufficient to remove and reduce the initial 
concentration of heavy metals for days continuously. 
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 The lower the initial concentration of heavy metals in mono or competitive case, 
the higher the adsorption capacity of the sorbent and slower the degradation in the 
adsorption capacity. 
 The selectivity of adsorption in all of the experiments and simulations is biased 
towards Zn, Cu, and then Pb. This can be explained by that the atomic and ionic 
radius of Zn and Cu are much smaller than that in Pb, refer to Table 7, and it is 
known that the small cations tend to replace the larger cations [35]. The 
replaceability/Hofmeister/lyotropic series can explain the selectivity of adsorption 
at which the cation is ranked from lowest to highest potential to replace other 
cations (usually from Sodium to Thallium) [149]. However, the cations orders in 
those series are not fixed and can be exchangeable based on the valence, ionic size 
(hydrated or dehydrated), relative amount and concentration, temperature, and pH. 
In the cation exchange, the Zn is preferable because of that it has high ionic 
potential [150]. Also, from the simulation results, namely the E_CED, it was proven 
that the Zn has the height electrostatic attraction to Na-MMT, and sand (Quartz) as 
well. 
 As far to the author's knowledge and based on the literature review, the provided 
high-accuracy prediction models that connect the micro-properties with the macro-
behavior of the adsorption on Na-MMT and used as a semi-quantitative assessment 






5.3 Recommendations for Further Study  
 Other types of clay minerals are recommended to be studied for adsorption 
purposes. 
 Pressurized fixed-bed column chromatography is to be tried in order to increase the 
effluent flow rate and, subsequently, the treated volume and to study the bed 
fluidization and eroding upon pressurizing. 
  Investigate the temperature and salts effects on the fixed-bed column 
chromatography adsorption of heavy metals. 
 It is recommended to apply molecular dynamics (MD) principles in the molecular-
simulations for the adsorption study to obtain the properties and behavior variations 
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